Human T-cell leukemia virus type 1 (HTLV-1) but not HTLV-2 is associated with adult T-cell leukemia. We found that HTLV-2 Tax2 protein stimulated reporter gene expression regulated by the interleukin (IL)-2 promoter through the nuclear factor of activated T cells (NFAT) in a human T-cell line (Jurkat). However, the activity of HTLV-1 Tax1 was minimal in this system. T-cell lines immortalized by HTLV-2 but not HTLV-1 constitutively exhibited activated NFAT in the nucleus and constitutively expressed IL-2 mRNA. Cyclosporine A, an inhibitor of NFAT activation, abrogated the induction of IL-2 mRNA in HTLV-2-immortalized T-cell lines and concomitantly inhibited cell growth. This growth inhibition was rescued by the addition of IL-2 to the culture. Furthermore, anti-IL-2 receptor antibodies significantly reduced the proliferation of HTLV-2-infected T-cell lines but not that of HTLV-1-infected cells. Our results suggest that Tax2 activates an IL-2 autocrine loop mediated through NFAT that supports the growth of HTLV-2-infected cells under low-IL-2 conditions. This mechanism would be especially important in vivo, where this autocrine mechanism establishes a nonleukemogenic life-long HTLV-2 infection. The results also suggest that differences in long-term cytokine production between HTLV-1 and HTLV-2 infection are another factor for the differences in pathogenesis.
Adult T-cell leukemia is an aggressive form of leukemia characterized by monoclonal proliferation of T cells infected with human T-cell leukemia virus type 1 (HTLV-1) (15, 25, 30, 38) . HTLV-1 is transmitted mainly from infected mothers to children through breast milk, however, the average age of adult T-cell leukemia patients is approximately 60 years (4), suggesting a long latency period. Furthermore, only a fraction (approximately 5%) of HTLV-1-infected individuals develop adult T-cell leukemia. Thus, HTLV-1-infection in and of itself is not sufficient for the development of adult T-cell leukemia, indicating that host factors have a critical role in the development of adult T-cell leukemia. Although not completely understood, there likely are at least two host factors involved in adult T-cell leukemia development: genetic and/or epigenetic changes in HTLV-1-infected T cells; and deterioration of host immune competence probably resulting from HTLV-1 infection itself (20, 25) .
HTLV-2 is genetically and biologically similar to HTLV-1 (7, 34) . Both HTLV-1 and HTLV-2 immortalize primary human T cells with similar efficiency in vitro (8, 27, 41) , and like HTLV-1, HTLV-2 also establishes a life-long persistent infection in humans. However, unlike HTLV-1, HTLV-2 is not associated with the development of adult T-cell leukemia or other malignancies. Thus, it appears that HTLV-2 is unable to promote a certain step(s) in adult T-cell leukemia leukemogenesis. Which step(s) in adult T-cell leukemia development differs between HTLV-1 and HTLV-2 infections has not been defined, nor have the differences in mechanisms been elucidated.
HTLV-1 and HTLV-2 encode nine genes, including gag, pol, and env, but only a few viral genes are expressed in infected peripheral blood mononuclear cells (33) . HTLV-1 tax1 and HTLV-2 tax2 are important regulatory genes, and accumulating evidence has shown that Tax1 and Tax2 expression plays a central role in immortalization of T cells and maintenance of persistent infections. For instance, mutant HTLV-1 and HTLV-2 viruses carrying inactive tax1 and tax2 genes, respectively, cannot immortalize primary human T cells (31, 32) . The tax1 gene by itself has been shown to immortalize primary human T cells in the presence of interleukin-2 (IL-2) (2, 12) . Tax1 has multiple functions in T cells, including the activation of cellular genes through transcription factors NF-B, CREB/ ATF, and AP-1 (10, 11, 17, 24, 42) . Furthermore, Tax1 inactivates several tumor suppressor gene products, such as p53, MAD1, and p16INK4A (1, 19, 29, 35) . Taken together, Tax1 and Tax2 should be key elements in the distinct pathogenic activities of these two viruses.
Tax1 and Tax2 share approximately 75% identity at the amino acid level and the two proteins exhibit indistinguishable activity with similar potency in vitro. Therefore, why Tax1 and Tax 2, sharing 75% amino acid identity and in vitro activity, are associated with distinct disease outcomes is still unclear.
Inducible and transient expression of cytokines, including IL-2, is crucial for antigen-induced differentiation and proliferation of T cells during immune responses. Such organized expression of cytokines in T cells is regulated by several transcription factors, including the nuclear factor of activated T cells (NFAT), AP-1, and NF-B (40) . In this study, we found that HTLV-2 Tax2 induces the expression of IL-2 through NFAT and that IL-2 promoted the proliferation of HTLV-2-infected T-cell lines. This result was specific to HTLV-2, since HTLV-1-infected T-cell lines did not produce IL-2. Thus, the results strongly suggest that aberrant activation of an IL-2 autocrine loop by Tax2 mediates life-long HTLV-2 infection. This autocrine immortalization mechanism allows establishment of a nonleukemogenic persistent infection, which is defective in promoting a certain step(s) of adult T-cell leukemia development. We will also discuss the long-term distinct gene expression through NFAT between HTLV-1 and HTLV-2 infection in terms of their distinct pathogeneses.
MATERIALS AND METHODS
Cells and culture conditions. The human T-cell lines used in the present experiments have been characterized previously (18) . Jurkat is an HTLV-1-negative human T-cell line. HUT102, SLB-1, and ILT-Koy are HTLV-1-positive human T-cell lines. Ton1, MoT, PBL01, and PBL2 are HTLV-2-positive human T-cell lines. Jurkat, HUT102, SLB-1, Ton1, and MoT were cultured in RPMI 1640 supplemented with 10% or 20% fetal bovine serum (FBS), 4 mM glutamine, penicillin (50 U/ml), and streptomycin (50 g/ml) (RPMI/10% FBS). ILT-Koy, PBL01, and PBL2 are IL-2-dependent cells and therefore, they are cultured in RPMI/fetal bovine serum containing 1 nM of recombinant human IL-2.
Plasmids. The tax1, tax2A, and tax2B genes and their chimeric genes were cloned into pH␤Pr-1-neo, which has a ␤-actin promoter for protein expression in mammalian cells and a neomycin resistance gene as a selection marker. All plasmids have been described previously (16) . pNFAT-Luc is a luciferase expression plasmid regulated by three copies of the NFAT site (Ϫ286 to Ϫ249 of human IL-2) and the human IL-2 promoter (Ϫ64 to ϩ47) (21, 28) . pIL2Luc was constructed by insertion of the human IL-2 promoter (Ϫ541 to ϩ57) into the pGL3-basic vector (4, 21) . B-Luc is a luciferase expression plasmid regulated by the B element of the IL-2 receptor ␣-chain gene and the minimal HTLV-1 promoter. pGK/␤-gal expresses ␤-galactosidase under the control of the phosphoglycerate kinase promoter and is used to normalize the transfection efficiency.
Transient transfection and luciferase assays. Jurkat cells in RPMI 1640 medium without serum were seeded at 4 ϫ 10 5 cells/well in a 24-well plate. The cells then were cotransfected with the Tax expression plasmid together with B-Luc by using X-treamGENE Q2 (Roche Applied Science) or TransFectin (Bio-Rad Technologies) according to the manufacturer's instructions. Cell lysates were prepared from transfected cells, and the luciferase activity as well as ␤-galactosidase activity were determined using a luminometer (LUMAT LB9507, Berthold). The activity of luciferase was normalized to that of ␤-galactosidase. The assay was carried out three times to confirm reproducibility.
Western blotting. Cell lysates (30 g) were prepared from human T-cell lines using radioimmunoprecipitation assay (RIPA) buffer containing 25 mM Tris (pH 7.2), 150 mM NaCl, 1.0 mM EDTA, 1.0% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 1.0 mM phenylmethylsulfonyl fluoride, 20 g/ml aprotinin, 1.0 mM Na 3 VO 4 , and 1.0 mM NaF, and they were size-separated by electrophoresis under reducing conditions in 8% polyacrylamide gel with sodium dodecyl sulfate. The proteins in the gel were electrotransferred onto a polyvinylidene difluoride membrane. The membrane was incubated with 5% skim milk for 1 h at room temperature to inhibit nonspecific binding and was further incubated with either anti-Tax1 mouse monoclonal antibody (Taxy-7) (37) or rabbit anti-Tax2B polyclonal serum (22) . After being washed with TBS-T (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, and 0.1% Tween 20), the membranes were incubated with either anti-mouse (for Tax1) or anti-rabbit (for Tax2B) immunoglobulin G conjugated with horseradish peroxidase (Bio-Rad Technologies). Protein bands in the membrane recognized by the antibodies were visualized using the ECL Western blotting detection system (Amersham Pharmacia Biotech). Yuetsu Tanaka (Ryukyu University) and W. W. Hall (University College Dublin) kindly provided the Taxy-7 antibody and the anti-Tax2B polyclonal serum, respectively.
RT-PCR. Total RNA was isolated from human T-cell lines using ISOGEN (Nippon-gene), according to the manufacturer's instructions. Reverse transcription (RT)-PCR analysis for IL-2 mRNA was performed using 1 g of total RNA and Ready-To-Go RT-PCR Beads (Amersham Pharmacia Biotech). Oligo(dT) was used to prime the reverse transcription step. For the RT step, the samples were incubated at 42°C for 25 min followed by 95°C for 5 min. The samples were stored at 4°C until use. Conditions for the first round of the PCR were 95°C for 2 min, followed by 30 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, and finally one cycle of 72°C for 7 min. A 2-l sample from the first round of PCR was added to a second PCR. The conditions for the second round of PCR were one cycle of 95°C for 2 min, followed by 20 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, and one cycle of 72°C for 7 min.
The primers used for PCR were 5Ј-CATTGCACTAAGTCTTGCACTTGTC A-3Ј and 5Ј-CGTTGATATTGCTGATTAAGTCCCTC-3Ј for human IL-2. The ␤-actin-specific primers were purchased from Promega. The RT-PCR conditions for ␤-actin were 42°C for 25 min and 95°C for 5 min for RT, and one cycle of 95°C for 2 min, 20 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, and finally one cycle of 72°C for 7 min for PCR. Thermal cycling was carried out using a GeneAmp PCR system 9700 (Applied Biosystems).
ELISA for quantitation of IL-2. The amount of IL-2 protein in the culture supernatants of T-cell lines was measured by an enzyme-linked immunosorbent assay (ELISA) kit under instructions provided by the supplier (human IL-2 ELISA kit II; BD Biosciences Pharmingen).
Electrophoretic mobility shift assay. To prepare nuclear extracts, human Tcell lines (5 ϫ 10 6 to 10 ϫ 10 6 cells) were washed with phosphate-buffered saline containing 1 mM Na 3 VO 4 and 5 mM NaF and then treated with hypotonic buffer containing 0.2% NP-40, 20 mM HEPES (pH 7.9), 20 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, leupeptin (1 g/ml), and aprotinin (1 g/ml). Cell lysates were centrifuged, and the pellets then were treated with high-salt buffer supplemented with 20 mM HEPES, 420 mM NaCl, 20 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, leupeptin (1 g/ml), aprotinin (1 g/ml), and 20% glycerol at 4°C for 30 min. The lysates were mixed thoroughly by vortexing and incubated for 30 min at 4°C with rotation.
After centrifugation, the resultant supernatant was used as the nuclear extract in an electrophoretic mobility shift assay (EMSA). For EMSA, nuclear extract (15 g) was preincubated with 1 g of poly(dI:dC) in 20 l of binding buffer containing 13 mM HEPES (pH 7.9), 65 mM NaCl, 0.15 mM EDTA, 8% glycerol, and 1 mM dithiothreitol for 15 min on ice. The 32 P-labeled (5 ϫ 10 4 cpm) double-stranded oligonucleotide probe was added to the reaction mixture and incubated for 15 min at room temperature. The complexes formed were separated from the unbound probe by electrophoresis in a 5% polyacrylamide gel containing 0.5x Tris-borate-EDTA and 2.5% glycerol. After separation, the gel was dried, and radioactivity in the dried gel was analyzed using a BAS5000 instrument (Fuji Film and Photo).
A 32 P-labeled double-stranded synthetic oligonucleotide probe corresponding to the NFAT element (gatcGGAGGAAAAACTGTTTCATA) from the IL-2 gene was used as the NFAT site probe. To determine specificity, mutant NFAT (NFATm in the figure) and an unrelated oligonucleotide, gatcGGACCTTAAA CTGTTTCATA and gatcGAAACTCAGCGCG, were used as competitors in EMSA. For the supershift assay, the nuclear extract was preincubated with anti-NFATp antibody (sc-7295; Santa Cruz Biotechnology) or control mouse immunoglobulin G2a (PP102; Chemicon) antibody for 30 min on ice before addition of the probe.
Cell growth inhibition by cyclosporine A or anti-IL-2R antibodies. For the cyclosporine A assay, human T-cell lines (5 ϫ 10g/ml of anti-IL-2R ␤-chain antibody (TU27) (36) . Cell morphology and viability were assessed using trypan blue staining.
RESULTS

Tax2 stimulates NFAT-dependent gene expression in a human T-cell line.
NFAT stimulates the expression of a number of cellular genes that are involved in T-cell activation and proliferation in response to antigen stimulation, such as IL-2, IL-3, IL-4, and Fas ligand (40) . To gain insight into the distinct pathogenic activities of HTLV-1 and HTLV-2, we examined the effect of Tax1 and Tax2 protein expression on NFATdependent gene expression. For this purpose, plasmids encoding Tax1, Tax2B, or Tax2A were transiently transfected into Jurkat cells (human T-cell line) together with a luciferase reporter gene under the control of three copies of the NFAT binding site derived from the human IL-2 gene. Tax2B and Tax2A were derived from HTLV-2b and HTLV-2a subtypes, respectively. Forty-eight hours after transfection, the cells were harvested and luciferase activity was measured.
While Tax1 activated NFAT-dependent luciferase activity minimally (less than fivefold) relative to the control sample transfected with the pH␤neo control plasmid, Tax2B prominently (more than 100-fold) induced luciferase activity (Fig.  1B) . Similarly, Tax2A induced luciferase expression mediated by NFAT, and the activity of Tax2A was less than that of Tax2B but more than that of Tax1. Tax1, but not Tax2A or Tax2B, was detected in Jurkat cells by Western blot by antiTax1 antibody. On the other hand, Tax2B but not Tax2A or Tax1 was detected by anti-Tax2B antibody (Fig. 1A) . Thus, Tax2 and Tax1 were expressed at a detectable level in Jurkat cells, although because the assay was not quantitative, it did not enable us to compare the expression levels between Tax1 and Tax2.
Treatment of Jurkat cells with phorbol myristate acetate (PMA) and ionomycin, which mimics antigen stimulation, induced luciferase expression that was sixfold greater than that of Tax2B. Tax2 also stimulated luciferase expression regulated by NF-B from the IL-2 receptor ␣-chain gene (B-Luc) or by a Tax-inducible 21-bp sequence in the HTLV-1 long-terminal repeat (WT-Luc) in Jurkat cells (Fig. 1C) . However, the levels of activation obtained with Tax2A and Tax2B were less than that with Tax1, indicating that the augmented activity of Tax2 relative to Tax1 is specifically mediated by NFAT.
Next, we examined whether Tax2 can stimulate an IL-2 promoter containing an NFAT site, as used above. Tax2A and Tax2B efficiently activated the expression of luciferase regulated by the IL-2 promoter, and as observed above, the activity was much greater than that of Tax1 (Fig. 1D) . These results indicate that in a human T-cell line, Tax2 efficiently activated IL-2 gene expression through the NFAT site to a much greater level than Tax1.
Identification of the region of Tax2 responsible for the augmented activation of NFAT. To delineate the region of Tax2 on October 14, 2017 by guest http://jvi.asm.org/ responsible for its augmented NFAT activation relative to Tax1, we used chimeric tax constructs used previously ( Fig.  2A) . The result from the transient cotransfection study with pNFAT-Luc showed that the Tax122 and Tax221 proteins stimulated much greater luciferase expression mediated through NFAT than Tax1 and equivalent to Tax2B, whereas Tax211 was equivalent to Tax1 (Fig. 2C) . These results indicated that the region between amino acids 60 and 300 of Tax2 contains the element required for NFAT activation that is distinct from Tax1. Western blot analysis showed that Tax211, Tax221, and Tax1 (detected with anti-Tax1 antibody), and Tax2B and Tax122 (detected with anti-Tax2B antibody) were expressed equivalently in Jurkat cells (Fig. 2B) . Nevertheless, NFAT was activated by Tax221 significantly more than Tax1 and Tax211 were. Thus, Tax2B, Tax122, and Tax221 activate NFAT-dependent transcription more efficiently than Tax1. Tax2, but not Tax1, induces the expression of IL-2 in human T-cell lines. The results from the transient transfection study above indicated that Tax2 stimulates the IL-2 promoter in the context of a plasmid transfection. In order to determine the biological relevance of this observation, we examined whether Tax2 can stimulate expression of the endogenous IL-2 gene. For this evaluation, plasmids encoding Tax2, Tax1, and their chimeric derivatives were transiently transfected into Jurkat cells. Forty-eight hours after transfection, total RNA was extracted from the cells by the Isogen method and reverse transcribed to obtain cDNA. IL-2 cDNA was amplified by PCR using primer sets corresponding to the human IL-2 gene.
The RT-PCR product specific to IL-2 was not detected in Jurkat cells transfected with the control plasmid, whereas it was detected in the cells transfected with the tax2B plasmid (Fig. 3A) . Treatment of Jurkat cells with PMA and ionomycin induced expression of IL-2 mRNA that was greater than induction by Tax2. Consistent with the results from the luciferase assay, Tax1 and Tax211 did not induce the expression of IL-2 mRNA, whereas Tax122 and Tax221 did induce the expression (Fig. 3A) , indicating that the activation of NFAT by Tax2 is responsible for the induction of endogenous IL-2 mRNA expression.
RT-PCR analysis also showed that three HTLV-2-infected T-cell lines (Ton1, MoT, and PBL2) but not two HTLV-1-infected cell lines (SLB1 and HUT102) constitutively expressed IL-2 mRNA (Fig. 3B) . Among the three HTLV-2-positive cell lines, PBL2 cells expressed the highest level of IL-2 mRNA. Consistent with mRNA induction, an enzymelinked immunosorbent assay for IL-2 protein showed that a transient transfection of the tax2 plasmid into Jurkat cells induced IL-2 protein expression, whereas transfection of tax1 did little (Fig. 4A) . Moreover, two HTLV-2-infected T-cell lines but not an HTLV-1-infected one produced IL-2 in the absence of exogenous IL-2 in the culture supernatant, and the amounts . Cell lysates were prepared from transfected cells, and luciferase activity was determined. Luciferase activity was normalized to that of ␤-galactosidase. The fold activation represents the luciferase activity of cells transfected with the tax plasmid relative to that with the control plasmid. Three independent experiments were carried out to confirm reproducibility.
FIG. 3. Tax2 induces the expression of IL-2 mRNA in T-cell lines.
(A) Jurkat cells were transfected with the indicated plasmids. At 42 h after transfection, the cells were treated with PMA and ionomycin or medium alone for 6 h. Then the cells were harvested, and total RNA was extracted. From the isolated total RNA, the RT-PCR products corresponding to IL-2 and ␤-actin mRNA were amplified, and the products were size-separated on a 2% agarose gel stained with ethidium bromide. (B) Total RNA was prepared from the indicated HTLV-infected T-cell lines and Jurkat cells treated with PMA and ionomycin for 6 h. The RT-PCR products amplified from the isolated total RNA were size-separated on a 2% agarose gel stained with ethidium bromide. The experiments were repeated three times to confirm reproducibility. increased till day 3 of culture ( Fig. 4B) . Thus, these results showed that Tax2, but not Tax1, can constitutively stimulate the expression of endogenous IL-2 protein in HTLV-2-infected T-cell lines.
Activation of NFAT in HTLV-2-infected but not HTLV-1-infected T-cell lines.
In resting T cells, NFAT is localized in the cytoplasm. Upon antigenic stimulation, NFATs translocate to the nucleus, bind NFAT response elements in cellular genes, and activate transcription. We next examined the amount of NFAT in the nucleus of various T-cell lines, by electrophoretic mobility shift assay (EMSA) using the NFAT binding site derived from the human IL-2 gene. Treatment of Jurkat cells with PMA and ionomycin induced a new complex that migrated slightly more slowly than the complex detected in untreated cells (Fig. 5A) . The formation of this induced complex was selectively inhibited by an excess amount of homologous NFAT oligonucleotides, but not oligonucleotides containing mutations in the NFAT site or unrelated oligonucleotides (Fig.  5B) .
Three unstimulated HTLV-2-infected T-cell lines (Ton1, MoT, and PBL2) gave a complex with the same migration pattern as the induced pattern in Jurkat cells, and this complex was also inhibited specifically by NFAT oligonucleotides (Fig.   5A and 5B). NFAT is a family of transcription factors, including NFATp and NFATx (40) . The supershift assay showed that the complex in an HTLV-2-infected T-cell line as well as in Jurkat cells treated with PMA and ionomycin contained NFATp protein, which is a dominant NFAT family member in activated T cells (Fig. 5C ). Unlike HTLV-2 cell lines, two HTLV-1-infected T-cell lines had little NFAT activity localized to the nucleus. These results suggested that Tax2, but not Tax1, constitutively activated NFATp in HTLV-2-infected T-cell lines. 
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Cyclosporine A inhibits the activation of NFAT by Tax2. Cyclosporine A is a well-characterized inhibitor of the NFAT activation pathway (9) . Cyclosporine A forms a complex with cyclophilin, and this complex specifically inhibits the activity of calcineurin, a calmodulin-dependent phosphatase. Calcineurin is required to dephosphorylate NFAT prior to its translocation to the nucleus. We next examined whether cyclosporine A could inhibit the activation of NFAT by Tax2.
Cyclosporine A potently inhibited the Tax2 activation of luciferase expression from pNFAT-Luc as well as that from pIL-2-Luc in Jurkat cells (Fig. 6A) . The inhibition by cyclosporine A was specific to the activation of NFAT, since the activation of NF-B (B-Luc) and viral CRE (WT-Luc) by Tax2 was unaffected by cyclosporine A (Fig. 6B) . Consistent with these results, cyclosporine A also inhibited nuclear NFAT localization in HTLV-2-infected cells (Ton1) as well as in Jurkat cells treated with PMA and ionomycin (Fig. 7A) . In addition, cyclosporine A inhibited the inducible expression of IL-2 mRNA in HTLV-2-infected cells (PBL2) as well as in Jurkat cells transfected with the tax2B plasmid and in Jurkat cells treated with PMA and ionomycin (Fig. 7B) . These results indicated that the activation of NFAT by Tax2 was sensitive to cyclosporine A inhibition, suggesting that Tax2 activates NFAT at the level at or upstream of the cyclophilin/calcineurin point of the signaling pathway.
Then, we examined whether NFAT activation in HTLV-2-infected cells regulates their growth. To check this, we cultured HTLV-2-infected cells in the presence or absence of cyclosporine A. PBL2 and PBL01 are IL-2-dependent HTLV-2-immortalized T-cell lines. These two cell lines still grew in the absence of IL-2, but overall cell growth was reduced by culture with cyclosporine A for 3 to 7 days (Fig. 8) . However, growth inhibition by cyclosporine A was abrogated by the addition of IL-2 to the culture. On the other hand, cyclosporine A negligibly affected the growth of HTLV-uninfected cells (Jurkat) and an IL-2-dependent HTLV-1-infected T-cell line (ILT-Koy), in either the absence or presence of IL-2. These results suggested that constitutive activation of NFAT supports the cell growth of IL-2-dependent HTLV-2-infected cells in the absence of IL-2.
Unlike in IL-2-dependent cells, cyclosporine A did not inhibit the growth of two IL-2-independent HTLV-2-infected T-cell lines (Ton1 and MoT) in the presence or absence of IL-2. MoT was derived from a hairy cell leukemia patient, while Ton1 was established by in vitro transformation with lethally irradiated HTLV-2-infected T cells. It should be noted that IL-2-independent immortalization by HTLV-2 in vitro occurs much less frequently than IL-2-dependent immortalization. Thus, these IL-2-independent T-cell lines are likely to have a genetic or epigenetic change(s), with such changes possibly conferring resistance to the inhibition of cell growth by cyclosporine A. Finally, since NFAT regulates the induction of multiple cytokine genes, we examined whether IL-2 mediates the induced proliferation of HTLV-2-infected T-cell lines by Tax2 mediated through NFAT. For this purpose, two IL-2-dependent HTLV-2-infected T-cell lines, an IL-2-dependent HTLV-1-infected T-cell line, and IL-2-independent Jurkat cells were cultured in the absence of IL-2 and presence of two anti-IL-2 receptor antibodies (␣-chain and ␤-chain), which can inhibit IL-2-dependent proliferation. Anti-IL-2 receptor antibodies reduced the growth only of the two HTLV-2-infected T-cell lines (Fig. 9) . The effect of anti-IL-2 receptor antibodies was specific to HTLV-2-infected cell lines, since such cell growth inhibition was not observed for the HTLV-1-infected T-cell line or the Jurkat cell line. These results indicated that in HTLV-2-infected cells, induction of IL-2 production, mediated through NFAT activation, promotes proliferation.
DISCUSSION
Greene et al. reported that HTLV-2 Tax2 induces expression of IL-2 and IL-2R ␣-chain genes (13) . However, whether induction of IL-2 gene expression plays a role in cell growth properties and phenotypes of HTLV-2-infected cells and how Tax2 activates IL-2 gene expression have not been characterized fully. In this study, we demonstrated that HTLV-2 Tax2 activated IL-2 gene expression, thereby promoting the proliferation of HTLV-2-infected T cells in the absence of IL-2. These results strongly suggest that an IL-2 autocrine loop is essential for maintaining the proliferation of HTLV-2-infected cells in low-IL-2 conditions in vitro as well as in vivo, thereby enabling establishment of life-long HTLV-2 infection. Unlike HTLV-2, HTLV-1 did not utilize the same IL-2 autocrine strategy for immortalization of T cells. These results suggest that immortalization of T cells by HTLV-2 through an IL-2 autocrine loop is a factor establishing a benign persistent infection which does not induce adult T-cell leukemia or related malignancies.
The anti-IL-2R ␤-chain antibody that we used here inhibits signaling by IL-15, which also promotes T-cell growth. Therefore, IL-15 may also be involved in the growth of HTLV-2-infected cells. Azimi et al. showed that HTLV-1 Tax1 induces the expression of IL-15 through NF-B (5), but anti-IL-2R antibodies did not inhibit the growth or survival of HTLV-1-infected T cells (Fig. 9) . Thus, it is unlikely that IL-15 is selectively involved in the growth of HTLV-2-infected cells but not HTLV-1-infected cells. Taken together, the experiments using anti-IL-2 receptor antibodies suggest that IL-2 produced from HTLV-2-infected T cells stimulates their growth.
IL-2 produced from HTLV-2-infected T-cell lines (PBL01 and PBL2) stimulated their growth but such IL-2 was not sufficient to support their continuous growth in vitro (Fig. 8 There is no substantial evidence that growth of HTLV-1-infected cells is regulated by autocrine factors, including IL-2 (3, 39) . Instead, several studies suggested that intracellular Tax1 directly attacks the host cell cycle machinery through a protein-protein interaction to promote cell growth. For instance, Tax1 interacts with several cell cycle regulators such as p16INK4A and CDK4, and the interactions are correlated with the cell cycle promotion induced by Tax1 (14, 35) . HTLV-1-infected cells accumulate multiple genetic and epigenetic changes before adult T-cell leukemia development. Thus, the autocrine promotion of cell proliferation by HTLV-2 may result in less accumulation of genetic and/or epigenetic changes in infected cells.
In activated T cells, NFATp binds to the NFAT site on the IL-2 promoter as a complex with another transcription factor, AP-1 (6). AP-1 is a heterodimer or homodimer of Jun and Fos family members, and Tax1 activates AP-1-dependent transcription through inducing the expression of various AP-1 family members (11, 17) . Stimulation via AP-1 does not, however, account for the differences in the interaction of Tax2 and Tax1 with the IL-2 NFAT site, since both Tax1 and Tax2 activate AP-1-dependent transcription, and their activities were equivalent (data not shown). Experiments using chimeric Tax proteins indicated that the Tax2B amino acid region between 60 and 300 included a factor required for the augmented NFAT activity. Since this region in Tax2B and Tax2A differs by only one amino acid, the conserved amino acid variation(s) of Tax2B and Tax2A relative to Tax1 must account for the differences in NFAT activity. We are comprehensively delineating the domain of Tax2 responsible for this activity. As a next step, we will examine whether this Tax2-specific function is involved in the immortalization of primary T cells as well as persistent HTLV-2 infection in rabbit or rat model systems using a molecular clone of HTLV-2.
Several differences between Tax1 and Tax2 have been identified. For instance, Tax1 has greater transforming activity toward the Rat-1 fibroblast cell line (measured as colony formation in soft agar) than Tax2, and this difference is mediated by a PDZ domain binding motif (PBM) in Tax1, which is missing The indicated T-cell lines were cultured in the absence of IL-2 together with anti-IL-2R antibodies (5 g/ml of H31 and 5 g/ml of TU27) or with 10 g/ml of control antibody for 7 days. The number of viable cells (A) and the morphology of PBL2 cells at day 7 (B) were examined using a microscope. The experiments were repeated three times to confirm reproducibility. in Tax2. Since the PBM is localized at the C-terminal end of Tax1, PBM does not explain the reduced NFAT activation by Tax1 (16) . Second, when the expression plasmids were transfected into a cell line, Tax2 localized in the cytoplasm while Tax1 localized in the nucleus (26) . Thus, multiple differences between Tax1 and Tax2, including the activation of NFAT, are probably involved in the distinct pathogenesis of HTLV-1 and HTLV-2. Thus, further analysis is required to understand how the distinct pathogenesis of two related viruses is determined.
While NFAT, AP-1, and NF-B are constitutively active in HTLV-2-infected cells, only AP-1 and NF-B are constitutively activated in HTLV-1-infected cells. These three transcription factors are critical components of T-cell activation, differentiation, and proliferation during immune activation. These functions are carried out mainly through regulation of cytokine gene expression. Specifically, NFAT and AP-1 interact with each other to cooperatively regulate the expression of several cytokines, including IL-2, during an immune response (23) . Thus, individuals infected with HTLV-1 and HTLV-2 would have distinct long-term cytokine profiles during persistent infection. Consequently, such distinct cytokine production may alter the immune status of HTLV infection, thereby being a factor responsible for the different modes of pathogenesis of HTLV-1 and HTLV-2.
In addition to adult T-cell leukemia, HTLV-1 is associated with several chronic inflammatory diseases such as HTLV-1-associated myelopathy/tropical spastic paraparesis and HTLV-1-associated uveitis. While HTLV-2 infection is not associated with development of adult T-cell leukemia, recent results suggest that HTLV-2 is associated with HTLV-1-associated myelopathy/tropical spastic paraparesis. Thus, cyclosporine A and anti-IL-2 receptor antibodies, especially cyclosporine A or related NFAT inhibitors, may be promising candidates for therapeutics for HTLV-2-associated diseases.
